Abstract -The present study examines an efficient congestion management system compatible with the evolving environment. The key is to build an information model shared and exchanged for marketbased solutions to alleviate congestion. Traditional methods for congestion management can be classified into two categories, i.e., the centralized scheme and the decentralized scheme, depending on the extent to which the independent system operator (ISO) is involved in market participants' (MPs) activities. Although the centralized scheme is more appropriate for providing reliable system operation and relieving congestion in near real-time, the decentralized scheme is preferred for supporting efficient market operation. The minimum set of information between the ISO and MPs for decentralized scheme is identified: i) congestion-based zone, ii) Power Transfer Distribution Factors, and iii) transmission congestion cost. The mathematical modeling of the proposed information is expressed, considering its process of making effective use of information. Numerical analysis is conducted to demonstrate both cost minimization from the MP perspective and the reliability enhancement from the ISO perspective based on the proposed information exchange scheme.
Introduction
Congestion management has been a major focus of reliable system operation and efficient market operation since the electric power industry reforms. Market activities by network users increase the uncertainties in network operation, often resulting in bottlenecks at unexpected places within the system [1] .
Two fundamental schemes are used for performing transmission congestion management and pricing: (i) financial transmission rights (FTR) for nodal pricing under a centralized pool market scheme [2] and (ii) flowgate rights (FGR) for zonal pricing associated with decentralized markets [3, 4] . The centralized scheme refers to the methods in which the ISO schedules the dispatch by proactively collecting and accepting only the bids from market participants that do not result in congestion. The decentralized scheme refers to the methods in which the ISO only reveals the potential congestion problems to the planned dispatch schedule constructed by the market participants (MPs). Under the decentralized scheme, MPs are required to revise the dispatch schedule and iterate this process until the ISO reveals no congestion problems.
FTR and FGR are first proposed as purchased rights that can be used to hedge the risks related to the congestion charges. Although the efficiency and rationality of FTR and FGR have been under extensive discussion, both FTR and FGR can achieve the same optimal social welfare under perfect market conditions [5] .
FTR, as a centralized scheme, employs the optimal power flow (OPF)-type auction method using MPs' bid information to announce the megawatt allocation of transmission capacities and the associated congestion charge to each participant. The centralized OPF is a popular method for controlling congestion problems and setting the congestion costs in many regional markets in the US. However, the use of the method in a competitive market environment has been criticized often because it requires detailed MP information, and it may lead to gaming [6] .
FGR is a decentralized method for congestion management in which ISO offers the MPs information of power transfer distribution factors (PTDF) and cost signal with respect to each congested line. This FGR approach is appropriate for the market environment preferring the decentralized decision-making process [6] [7] [8] .
In the current study paper, the model of information exchange between ISO and MPs for practical market operation is examined. The result aims to identify the minimum set of information: i) congestion-based zone, ii) zone-based PTDF, and iii) transmission congestion cost. Some mathematical models are introduced to process information for making effective use of it, such as congestion distribution factors (CDF) for creating zones [9] and OPF in the DC approach for computing the expected congestion cost in advance [10] . Numerical analysis is conducted to show how the identified information can be utilized from the MP and ISO perspectives.
Background
A large number of previous studies have been conducted on congestion management. Directly related to the current paper is the study of Hao [11, 12] , which proposes an exante congestion pricing model for decentralized markets under the assumption that the use of FTR can be problematic because of the complexity of managing the short-term scheduling function. He formulates the decentralized congestion management model with coordination between the market operator and the system operator. To remove the drawbacks of the nodal-based approach, the combination of FTR and zonal-based schemes using locational marginal price (LMP) is proposed in [13] . Based on the compatibility for implementing FTR and FGR, the decentralized zonal-based FGR scheme is applied to the deregulated centralized market structures for congestion management [14] . These studies lead to the assumption that the decentralized scheme reflecting MPs' intentions should be encouraged in the market environment.
Technically, allowing sufficient time for MPs to find market innovative solutions to congestion problems requires overcoming the weaknesses of the decentralized scheme listed in [5] , i.e., difficulty in defining (i) the flowgates, (ii) PTDF values, and (iii) transfer limits because of the constantly changing network topology. For this, all plausible contingencies with high probability and high impact are first considered. All flowgates and their corresponding clusters based on well-defined technical criteria are identified. Then, the ISO can be assumed to take on some risks with respect to the changing PTDF and transfer limits, and publish the information on flowgates in the form of weighted average costs, considering the probability according to network topology. Averaging costs for changing topology is possible, but averaging transfer limits is not, as in the case of Available Transfer Capacities.
Model of Information Exchange
We identify the information primarily needed for decentralized congestion management: i) congestion-based zone, ii) PTDF, and iii) transmission congestion cost, as shown in Table 1 . The table explains the type of information required for the decentralized scheme, update frequency of information, and information processing approach for effectively exchanging information.
Based on Table 1 , Section 3 explains the type of information and its requirements, including update frequency. Section 4 addresses in detail the mathematical model for the identified information process.
Long-term information: Zone
To introduce some certainty into long-term transactions, flowgates are first defined over any and all transmission interfaces prone to congestion through an extensive contingency analysis (of high probability and high impact). At the same time, various topology changes and other uncertainties in system operation are considered, i.e., seasonal change in demand pattern including peak load and off-peak load, installation of new generators, and reinforcement of transmission lines.
Then, the congestion-cluster/zone ( [ ] Zone k ) is defined with respect to each flowgate based on well-defined technical criteria to avoid intra-zonal congestion. Each zone can be divided based on the flowgate by identifying groups of network users that have similar effects on the cost signal in proportion to the system topology change. Finally, this information is posted on a season-ahead or month-ahead basis.
Mid-term information: PTDF
MPs can compute the amount of flowgate rights to be reserved for their transactions based on PTDF, which provides information on the network flow caused by power injection at the nodes [15] . In the proposed information, PTDF information is posted and updated whenever network topology is changed. Using this information, MPs reschedule their transactions for higher profit with the changed conditions.
Short-term information: Transmission congestion cost
The key information in realizing the decentralized market operation is the congestion cost ( • Weighted average costs considering the probability according to network topology market environment by offering the cost information rather than the amount to be controlled directly. MPs adjust their transactions through market activities of trading long-term transmission contracts using congestion cost information. Such activities result in the alleviation of congestion problems if the cost signal properly reflects the reliability level of the system operation. As the system condition deteriorates, the congestion cost will become very costly, exerting serious effects on the LMP. Some assumptions and requirements are required to give each participant the expected congestion cost:
▪ ISO should reliably offer information of the estimated cost. ▪ ISO should assume the responsibility for the estimated cost and take the risk sharing for it. ▪ Incentive regulation should be established so that ISO can expect the exact cost. ▪ MPs should be able to perform reasonable decisionmaking and self-controlling measures with the cost information.
Overall, the reliable estimated cost can be offered by considering the probability of several uncertain factors, such as line outage, demand pattern, and MPs' bidding behaviors.
Mathematical Formulation
In this section, the mathematical equations for constructing different types of information described earlier are formulated.
Construction of congestion-based zones
The congestion-based zone can be constructed by computing Congestion Distribution Factors (CDFs), an effective measure of system affecting transmission congestion [9] . Unlike the conventional method of using costs to group the nodes, the CDF uses the technical criteria for clustering. The result guarantees that the nodes grouped into the same zone will have nodal prices similar with the intra-cluster flow created by a transaction between any two buses having negligible effects on the congested line. Only inter-cluster transactions are considered to contribute significantly to the flow of congested lines, taking away the intra-zonal congestion problems. The system clustering process is as follows:
(a) Determine the CDF, which can be calculated using the PTDF. First, calculate the two PTDF matrices based on the two buses connected by the congested line. Second, compute the PTDF values from the only congested line in the two buses related to the congested line. Eqs. (1) and (2) Multi-congestion clusters can be obtained through the mechanisms of cluster divisions as mentioned above. These clusters enable ISO to provide timely MPs with long-term information regardless of the minor topology change. The reason is that these mechanisms are based on the analysis of contingencies with high probability and high impact. They also make MPs quite stable with respect to actual transactions, as long as there is no major transmission line outage. In addition, information on multi-congestion clusters is no longer dynamic in the long term.
Zone-based PTDF
Using the DC approximation, the mathematical formulation for PTDF can be given by Here, A is a matrix useful for describing purely topological properties of the system: how buses are connected by transmission lines in the system. Its dimensions are (line number × bus number), and its entries, ij a , are given by 1 (if there is a transmission line connecting buses i and j , and i j < ), -1 (if there is a transmission line connecting buses i and j , and i j > ), and 0 (otherwise). PTDF values mentioned previously can be transformed into the zone-based PTDF by averaging them within the same zone. The dimensions are reduced by (flowgates number × zone number). This more simplified information helps MPs trade transmission contracts with ease.
OPF modeling for congestion cost estimation
To avoid the line flow violation in terms of system operation and to satisfy the transactions in terms of market operation, providing timely and supportive information on congestion costs is important. This way, MPs can make decentralized decisions on whether to pay for usage-based congestion charge or curtail their transactions. When a line contingency occurs, the system constraints are violated, and the congested line cost increases. Such cost information is then published through the proposed information exchange, and MPs react to the change and adjust their market activities in the direction of increased profit. Ultimately, these decentralized activities lead to the reduced physical flow on lines, with their physical limits violated. Accordingly, the ISO should estimate the congestion cost transparently and timely and then publish the cost such that the estimated cost must closely reflect real-time operation. Usually, the DC model of OPF is applied for the online solution of the OPF problem of a huge system and for fast solution in real-time operation mode [16] .
For this purpose, the OPF formulation using the DC model [10] is employed as the congestion cost estimation technique considering the line contingencies. Objective function (5) is the minimization of the total generation costs under the pre-contingency or normal operation mode ( 0 k = ) as well as all the other plausible post-contingency ( 1, , k K = ⋯ ) conditions. In Eq. (5a), the equality constraint refers to the power balance to be achieved regardless of the pre-contingency states and postcontingency states. Inequality constraints (5b) represent the transmission constraints, in which 
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In general, the DC model of OPF is implemented in linear programming for robustness and efficiency. Linear programming with the Lagrange multiplier is used for solving the optimization problem. The computed Lagrange multipliers with respect to the marginal costs of transmission constraints ( l µ ) are averaged using the contingency probability as weights to calculate the expected congestion costs, as shown in Eq. (6). Averaging the costs for changing topology is useful for minimizing the risk of expecting the exact cost in the changing system conditions. Moreover, the modeling of stochastic OPF can be a possible alternative to the congestion cost estimation technique, as referred to in [10] .
Case Study
The case study focuses on how to obtain the proposed information and how to apply it at the final state after implementing the decentralized scheme. The case study shows the accomplishment of system reliability and market efficiency in the market environment through the decentralized decision of MPs.
The IEEE 39-bus system (Fig. 2) is used in the case study. It is modified for the feasible solution by setting some data, such as the probability of line outage and the bid function of generator buses, as shown in Tables 2 and 3 . The congestion line is summarized in Table 2 through the contingency analysis in terms of every line.
We utilize the following conditions and assumptions to demonstrate the proposed solutions:
• MPs always take their rational and economic behavior.
• Many factors, such as line contingencies and generator contingencies, result in congestion. In this simulation, however, generators are supposed to be MPs who take rational and economic behavior. Only N-1 line contingency is considered for illustration.
• Two cases are provided considering the normal condition and a line contingency condition. This simulation focuses on the line cost information through which decentralized congestion management can be implemented. 
Zone creation through congestion distribution factors
First, the flowgates must be designated considering the contingency with high probability and high impact on the network.
The designated flowgates are Lines 4-4 and 16-24 from the line contingency analysis. The threshold for zone clustering is defined as the difference in 20% of CDFs. Table 4 and Fig. 2 show the clustering result. The concrete process of zone creation is presented in Appendix 7.1. 
Information exchange in normal condition
PTDF information and line congestion cost are also necessary to decide the market activities of MPs.
PTDF with respect to Flowgate in the normal condition is presented in Table 15 in Appendix 7.2. For a more convenient publication of this information, PTDF should be simplified with respect to zone by averaging the PTDF of the same zone. It is more useful for MPs than the PTDF in terms of each bus. Table 7 shows the zone-based PTDF in the normal condition. For example, the zone-based PTDF value of Zone A is calculated by averaging the PTDF of the bus included in Zone A, utilizing the value referred to in Tables 4 and 12 . Next, the line congestion cost can be determined by solving the OPF with the probability of line outage. This information can be used in the long-term market for a decentralized decision. The probabilities of an occurring congestion at Lines 4-14 and 16-24 are assumed to be 0.15 and 0.05, respectively, as shown in Table 2 . Table 6 shows the weighted average costs considering the probability of congestion. Expectedly, MPs can take their economic judgment to maximize their profit or minimize their cost using this information. Table 7 shows which generator is more effective, considering the transmission cost from the viewpoint of the load at bus 39. In this table, the generators' bid cost is used for energy cost, and the congested line cost and PTDF information are applied for transmission cost, as shown in Eqs. (7) and (8) . Only the congestion cost is considered in calculating transmission cost because it will be a dominant component in using the transmission network. The sum of energy cost and transmission cost is expressed as the total cost, as shown in Eq. (9).
•
From the calculation in Table 7 , it would be desirable for the load at bus 39 to make a long-term contract with the generator at bus 35 or bus 36. In a normal condition system, security can be supported in spite of MPs' economic action, as all the contracts do not violate line constraints, especially flowgates 4-14, as shown in Fig. 3 . Line flow in this flowgate is 0.70 [pu] in the normal condition. Eventually, system reliability and market efficiency can be achieved in the normal state. 
Information exchange in a line contingency condition
If the unplanned outage occurred in Line 16-17, the ISO should issue the PTDF information and the estimated line cost through the OPF. For the MPs' transaction, zone-based PTDF data are recalculated in Table 8, which is derived  from Table 16 in Section 7.2. Table 9 shows the congested line cost after upgrading. Here, the probability of contingency at Line 16-17 is applied to one. Owing to the outage in Line 16-17, Line 4-14 will be congested, leading to the sharp cost increase in Line 4-14. Eventually, the information on congestion cost can be used to reflect reliability in the market operation. Similar to the earlier case, MPs can adjust their contracts again from the upgraded information, congested line cost, and PTDF. The ISO will expect the line congestion to be managed by MPs' reaction from the given congested line cost.
Loads can recalculate their energy-buying cost based on the changed information. Table 10 shows the result of energy cost and transmission cost from the load at bus 39 after the Line 16-17 outage. Although the generator at bus 35 or bus 36 still has an economic merit in the line contingency condition, the load at bus 39 would be better for a long-term contract with the generator at bus 37 instead of the generator at bus 35 or bus 36. If this decentralized scheme through cost information is possible, the ISO can enable MPs to assume economic behaviors. At the same time, it can ensure system reliability by restraining the transactions at the congested line, as shown in Fig. 3 . Fig. 3 illustrates the line flow at the congested Line 4-14 in each case; i.e., case in the normal condition, case after Line 16-17 outage, and case after bilateral contract between the load at bus 39 and the generator at bus 37. In this figure, if the load at bus 39 keeps the contract with the generator at bus 35, then the flow limit at Line 4-14 will be violated. However, if it changes a contract for its profit through the information exchange, it can decrease the congested line flow and exert good influence on system reliability.
In the end, cost information can help accomplish system reliability and market efficiency in the market environment through the decentralized decision by MPs.
Conclusions
The current study shows that congestion management can be achieved by a decentralized approach based on the given information, especially congestion cost. It also reveals commonly available information about system conditions to communicate simultaneously with numerous MPs. The given congestion cost information leads MPs to select voluntarily the efficient behavior to minimize their costs and the reliable behavior to control the congestion. When there is congestion in the network, MPs respond to it and act in a way that improves system reliability with an appropriate response.
Ultimately, the study can be extended to the fundamental market mechanism and information exchange, which is a very important factor in the market architecture. Practical research on the design of information exchange is required to support the implementation from the proposed approach.
Appendix

System clustering process
This section describes the system clustering process of the IEEE 39-bus system explained in Section 5.1.
The IEEE 39-bus system can be divided into several zones based on the CDF. The threshold for zone creation is defined as 20% in terms of the biggest element of the CDF vectors. To create the zone as in the proposed method, N-1 line contingency analysis should be performed respectively. First, the flowgate must be designated, considering the contingency with high probability and high impact on the network. Line contingencies considered in this case are Lines 16-17, 16-21, and 21-22. The flowgates are Lines 4-14 and 16-24, as indicated in Table 2 . . Eventually, the system is divided into two zones, as shown in Fig. 5 . Table 14 shows the clustering results for every contingency case. Finally, the system can be divided into eight zones by juxtaposing each case, as shown in Table 3 and Fig. 2 . Table 15 and  Table 16 , respectively. Table 15 . PTDF with respect to the flowgate in the normal condition (reference: 39-bus)
